Background: Cellulosomal cohesin-dockerin types are reversed in Bacteroides cellulosolvens. Results: Combined crystallographic and computational approaches of a lone cohesin yielded a structural model of the cohesindockerin complex that was verified experimentally. Conclusion: The dockerin dual-binding mode is not exclusive to enzyme integration into cellulosomes; it also characterizes cell-surface attachment. Significance: This combined approach provides a platform for generating testable hypotheses of the high affinity cohesindockerin interaction.
Cohesin-dockerin interactions orchestrate the assembly of one of nature's most elaborate multienzyme complexes, the cellulosome. Cellulosomes are produced exclusively by anaerobic microbes and mediate highly efficient hydrolysis of plant structural polysaccharides, such as cellulose and hemicellulose. In the canonical model of cellulosome assembly, type I dockerin modules of the enzymes bind to reiterated type I cohesin modules of a primary scaffoldin. Each type I dockerin contains two highly conserved cohesin-binding sites, which confer quaternary flexibility to the multienzyme complex. The scaffoldin also bears a type II dockerin that anchors the entire complex to the cell surface by binding type II cohesins of anchoring scaffoldins. In Bacteroides cellulosolvens, however, the organization of the cohesin-dockerin types is reversed, whereby type II cohesindockerin pairs integrate the enzymes into the primary scaffoldin, and type I modules mediate cellulosome attachment to an anchoring scaffoldin. Here, we report the crystal structure of a type I cohesin from B. cellulosolvens anchoring scaffoldin ScaB to 1.84-Å resolution. The structure resembles other type I cohesins, and the putative dockerin-binding site, centered at ␤-strands 3, 5, and 6, is likely to be conserved in other B. cellulosolvens type I cohesins. Combined computational modeling, mutagenesis, and affinity-based binding studies revealed similar hydrogen-bonding networks between putative Ser/Asp recognition residues in the dockerin at positions 11/12 and 45/46, suggesting that a dual-binding mode is not exclusive to the integration of enzymes into primary cellulosomes but can also characterize polycellulosome assembly and cell-surface attachment. This general approach may provide valuable structural information of the cohesin-dockerin interface, in lieu of a definitive crystal structure.
Plant cell wall carbohydrates are among the most abundant sources of organic carbon on the planet with an estimated 10 11 tons recycled annually (1) . Degradation of this composite structure by an extensive consortium of microbial cellulases and hemicellulases is an important biological phenomenon of significant environmental and industrial interest.
Some anaerobic micro-organisms organize plant cell walldegrading enzymes in a highly intricate, extracellular, and multienzyme complex termed the cellulosome. The molecular basis for the integration of proteins into the cellulosome was first described in Clostridium thermocellum (2, 3) . Early studies defined two major types of cohesin-dockerin interactions, based on sequence and structural diversity of the two protein modules. Type I dockerins, located in the cellulases and hemicellulases, and reiterated type I cohesins of a macromolecular scaffold, termed CipA or primary scaffoldin, mediate the integration of the various enzymes into the complex (4) . The cohesins in the primary scaffoldins carry multiple copies of cohesin modules that do not usually discriminate between different dockerin modules, and thus the composition of these complexes is generally dictated by the level to which the ϳ70 catalytic components are expressed. Thus, although cellulosome-integrating primary scaffoldin, CipA, possesses only nine type I cohesins, the genome of C. thermocellum encodes over 70 dockerin-containing open reading frames. Consistent with the model based on the C. thermocellum system, in the majority of bacterial cellulosomes type I cohesin-dockerin interactions mediate assembly of enzymes into these complexes. A restricted sub-set of bacteria, such as C. thermocellum, Acetivibrio cellulolyticus, and Clostridium clariflavum (5-7), also anchor cellulosomes onto the cell surface. In these bacteria primary scaffoldins contain a divergent C-terminal type II dockerin that specifically recognizes type II cohesins of anchoring scaffoldins appended to the cell envelope of the bacterium (8, 9) . Lack of cross-specificity between types I and II cohesindockerin pairs ensures the correct assembly of the multienzyme cellulosome complex and its attachment to the cell surface.
Bacteroides cellulosolvens, which has been recently reclassified as Pseudobacteroides cellulosolvens (10) , is a mesophilic anaerobic bacterium, capable of actively degrading plant structural carbohydrates, in particular crystalline cellulose and hemicellulose (11, 12) . B. cellulosolvens cellulosolvens has a particularly complex cellulosome with multicomponent scaffoldins similar to those of C. thermocellum and A. cellulolyticus (Fig. 1) . However, cohesins carried by the primary and anchoring scaffoldins are of a reversed type to what has been described in C. thermocellum and A. cellulolyticus (14) . Thus, the cellulosome of B. cellulosolvens comprises a primary scaffoldin ScaA that contains 11 type II cohesins, which bind cellulosomal enzymes containing type II dockerins (13) . In addition, ScaA comprises a C-terminal type I dockerin that interacts with type I cohesins located in the ScaB-anchoring scaffoldin. ScaB bears 10 type I cohesins and an S-layer homology module that tethers the entire cellulosome to the bacterial cell surface (14) . The functional implications of this reversed specificity in B. cellulosolvens cellulosome architecture remain unclear.
Structure-function studies on types I and II cohesin-dockerin complexes have provided insights into the mechanism of cellulosome assembly and cell-surface attachment, respectively (4, 8, 15, 16) . Within the dockerin sequence, there is a tandem duplication of a 22-residue segment that displays remarkable structural conservation. Thus, the structure of the first duplicated segment, containing the N-terminal helix, is usually structurally superimposable with the C-terminal segment. This symmetry, coupled with three-dimensional crystal structures and mutagenesis studies (15, 16) , indicates that C. thermocellum and Clostridium cellulolyticum type I dockerins contain two equivalent ligand-binding sites that support a dual mode of dockerin binding to cohesins. In contrast, the structure of type II cohesin-dockerin complexes indicates a single binding mode of action (8) . Although it has been suggested that a dual-binding mode enhances conformational flexibility of the quaternary structure of a highly populated multienzyme complex, it remains unclear why such a property seems to be restricted to type I complexes.
Elucidation of the molecular determinants of cohesindockerin recognition is crucial to understand the mechanism of cellulosome assembly and cell-surface attachment. The crystal structures of several types I and II cohesins have been determined (4, (17) (18) (19) . These protein modules display similar folds comprising nine ␤-strands that form a flattened ␤-barrel with a typical jelly roll topology (4, 20) . Analysis of the dockerin-binding platforms suggests that subtle differences in the topology of the binding sites and a lack of sequence identity in the ␤-strands that include the core of the ligand-binding site explains why types I and II cohesins display distinct specificities for their target dockerins. Considering that in B. cellulosolvens the cohesin-dockerin types are reversed in comparison with most of the characterized cellulosomes, it remains unknown whether the structural determinants of specificity between types I and II cohesins are also reversed in comparison with C. thermocellum and A. cellulolyticus. This report provides insight into the mechanism of type I cohesin-dockerin interactions that mediate cellulosome attachment to the bacterial cell surface.
Experimental Procedures
Cloning and Expression-DNA encoding the seventh cohesin module of ScaB (residues 1039 -1186), designated BcCohI, 2 was synthesized in vitro (NZYTech Ltd., Lisboa, Portugal) with a codon usage optimized for expression in Escherichia coli. The synthesized gene contained engineered NcoI and XhoI restriction sites at the 5Ј and 3Ј ends, respectively. After sequence verification, the gene was subcloned into the prokaryotic expression vector pET28a (Novagen). Recombinant
BcCohI contained a C-terminal His 6 tag. Tuner (DE3) cells, transformed with the pET28a derivative, were grown at 37°C to an A 600 0.5, and recombinant protein expression was induced by adding 0.2 mM isopropyl ␤-D-thiogalactopyranoside. Bacterial cells were further incubated at 19°C for 16 h.
CBM-Coh and Xyn-Doc fusion proteins were cloned and expressed as described previously (24) . The CBM in each case included the C. thermocellum scaffoldin-borne CBM3a, and Xyn represents a PCR construct of Geobacillus stearothermophilus xylanase T-6 (25) . The type I ScaA dockerin (residues 2238 -2319; DocScaA) and its mutant derivatives (DocS23A/ D24A, DocS60A/D61A, and DocS23A/D24A/S60A/D61A) were designed and synthesized (NZYTech Ltd.) with codon usage optimized for expression in E. coli. The genes contained engineered EcoRI and XhoI recognition sequences at the 5Ј and 3Ј ends, respectively, and were subcloned into pET32a vector (Novagen). DocScaA and mutant derivatives (as above) were expressed in E. coli Origami cells. Growth was performed at 37°C to mid-exponential phase (A 600 ϭ 0.5) in Luria broth. Recombinant protein expression was induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside and incubated for 16 h at 19°C.
Protein Purification-BcCohI and other recombinant cohesins and dockerins produced in this study were purified by immobilized metal ion affinity chromatography (IMAC) using Sepharose columns charged with nickel (HisTrap TM , GE Healthcare, Uppsala, Sweden) following conventional protocols (26) . For crystallography, BcCohI was further purified by size exclusion chromatography as follows. BcCohI was buffer-exchanged in PD-10 Sephadex G-25 M gel filtration columns (GE Healthcare) into 20 mM Na-Hepes buffer, pH 7.5, containing 200 mM NaCl and 2 mM CaCl 2 . The protein was loaded into a HiLoad 16/60 Superdex 75 column (GE Healthcare) at a flow rate of 1 ml min Ϫ1 , previously equilibrated with 20 mM Na-Hepes buffer, pH 7.5, containing 200 mM NaCl and 2 mM CaCl 2 . This step enabled separation of BcCohI from eventual minor E. coli contaminants. Fractions containing the purified cohesin were then concentrated with Amicon Ultra-15 centrifugal devices with a 10-kDa cutoff membrane (Millipore TM ) and washed three times with 0.5 mM CaCl 2 . The final protein concentration was measured using a NanoDrop 2000C UV-visible spectrophotometer (Thermo Scientific) with a molar extinction coefficient (⑀) 33,350 M Ϫ1 cm Ϫ1 and was adjusted to 15 and 30 mg/ml in 0.5 mM CaCl 2 .
CBM-Coh fusion proteins were purified using amorphous (phosphoric acid-treated) cellulose as an affinity matrix, and His-tagged Xyn-Docs were isolated using IMAC. Precise details of the purification scheme in each case can be obtained in earlier reports (24, 25) . DocScaA and its mutant derivatives were purified through IMAC as described above.
Crystallization-The crystallization conditions were screened by the sitting-drop vapor-phase diffusion method using the commercial kits Crystal Screen, Crystal Screen 2, PEG Ion Screen I and II from Hampton Research (Aliso Viejo, CA), and JCSGplus HT96 screens (Molecular Dimensions, Suffolk, UK) by the robotic nanodrop dispensing system Oryx8 (Douglas Instruments). Drops of 0.7 l of BcCohI concentrated to 7 or 15 mg/ml, and 0.7 l of reservoir solution per condition were pre-pared at 292 K. Diffracting crystals were obtained at 15 mg/ml from three different conditions as follows: 0.05 M ammonium sulfate, 0.1 M sodium acetate, and 20% PEG 4K; 0.2 M KCl and 20% PEG 3350; and 0.2 M sodium chloride and 20% w/v PEG 3350. These crystals were cryo-cooled in liquid nitrogen, after passing through cryo-protectant solution of the crystallization buffer containing 30% glycerol.
Data Collection, Processing, and Refinement-Data were collected on beamline ID14-4 at the European Synchrotron Radiation Facility (ESRF, Grenoble, France), using a Q315r CCD detector (ADSC), with the crystals cooled at 100 K using a Cryostream (Oxford Cryosystems Ltd.). EDNA and Mosflm (27) were used for strategy calculation during data collection. All data were processed with the programs iMOSFLM (28) and AIMLESS (29) from the CCP4 suite (Collaborative Computational Project, No. 4, 1994 (30) Interface Modeling and Analysis-Because an experimental structure of the B. cellulosolvens dockerin is unknown, we used computational modeling and docking to predict its structure and dock it against the B. cellulosolvens cohesin. Briefly, for each dockerin structure in the PDB (PDB codes 1ohz, 2b59, 2ccl, 2vn5, 2vn6, 2ozn, 2y3n, 3kcp, 3ul4, 4dh2, 4fl4, and 4iu2), we used Rosetta Design (36, 37) to thread the sequence of the B. cellulosolvens dockerin and minimize the side chain and backbone conformation (complete execution instructions are provided in the supplemental File 4). We then docked each modeled dockerin against the cohesin using the rigid-body orientations observed in experimentally determined dockerin-cohesin structures (PDB codes as mentioned above). Each resulting binary model was refined using RosettaDock in all-atom refinement mode generating 750 models. The nine top-scoring models (by computed binding energy, buried surface area, and packing statistics) and the two models shown under "Results" were selected based on visual inspection. All backbones used for modeling were pre-refined using Rosetta energy minimization procedures (complete execution instructions are provided in the supplement material). The all-atom energy function used in all Rosetta simulations was talaris2014, which is dominated by contributions from van der Waals packing, hydrogen bonding, and solvation.
Isothermal Titration Calorimetry-Isothermal titration calorimetry was deployed to measure the affinity of BcCohI for its dockerin partners essentially as described previously (15) . Briefly, the wild type and mutant forms of the dockerin (20 M), fused to thioredoxin, were stirred at 307 rpm in the reaction cell, which was injected with 10-l aliquots of a 100 M solution of cohesin at 220-s intervals. The buffer consisted of 50 mM Na-Hepes buffer, pH 7.5, containing 2 mM CaCl 2 and 0.5 mM tris(2-carboxyethyl)phosphine, and titrations were carried out at 35°C unless otherwise stated. Integrated heat effects, after correction for heats of dilution, were analyzed by nonlinear regressing using a single-site model (Microcal ORIGIN version 7.0, Microcal Software, Northampton, MA). 
Results and Discussion
Structure of the B. cellulosolvens Type I Cohesin-The structure of the B. cellulosolvens type I cohesin, BcCohI, the 7th cohesin of the B. cellulosolvens anchoring scaffoldin ScaB, was solved by molecular replacement. BcCohI displays an elliptical structure with nine ␤-strands, which form two ␤-sheets aligned in an elongated ␤-barrel that displays a classical "jelly roll fold" (Fig. 2) . The two sheets comprise ␤-strands 9, 1, 2, 7, and 4 on one face and ␤-strands 8, 3, 6, and 5 on the other face ( Table 2) . Strands 1 and 9 align parallel to each other, thus completing the jelly roll topology, although the other ␤-strands are antiparallel. No crystals of BcCohI in complex with its cognate dockerin could be obtained.
Structural similarity search using SSM (21) revealed that the closest and functionally relevant structural homologs of BcCohI are the type I cohesins from C. thermocellum (PDB codes 3ul4 for CtCoh-OlpA; 4dh2 for CtCoh-OlpC; 1aoh for CtCoh-CipA, and 2ccl for CtCoh-CipA complexed with a mutated dockerin) and C. cellulolyticum (PDB codes 1g1k for Coh alone and 2vn5/6 for the cohesin complexed with dockerins), with a z score of 6.6, root mean square deviation of 1.0 Å over 117 aligned residues out of a possible 120 amino acids and a total sequence identity of 38%. BcCohI also shows strong homology with the type I cohesin from C. perfringens (root mean square deviation Ͼ2.3 Å and a sequence identity of Ͻ30%; PDB codes 2vo8 and 2jh2) and a more distant homology to carbohydrate-binding modules (CBMs) presenting a ␤-sandwich fold, which also comprises two ␤-sheets that adopt a ␤-jelly roll fold (root mean square deviation Ͼ3 Å, and sequence identity of Ͻ20%) (22) . This observation suggests a common evolutionary origin for CBMs and cohesins with ligand-interacting platforms having evolved for the recognition of carbohydrates or proteins, respectively.
Comparison with Type I Cohesins-As shown in Fig. 3 , the B. cellulosolvens ScaA type I dockerin (Bc-DocA) specifically recognizes BcCohI (Bc-B3). The capacity of BcCohI to interact with dockerins of different origins was evaluated. The data, presented in Fig. 4 , revealed that BcCohI (Bc-B3) is unable to bind to type I dockerins from C. cellulolyticum, A. cellulolyticus, Archaeoglobus fulgidus, and C. thermocellum and type III dockerins from Ruminococcus flavefaciens. In addition, BcCohI does not recognize any of the type II dockerins tested, including those found in B. cellulosolvens enzymes. The data confirm the strict species specificity in type I cohesin-dockerin interactions. The biological significance of this lack of cross-species specificity in cohesin-dockerin complexes is not entirely clear. It is likely that the grafting of enzymes with different origins in the same complex may adversely affect the catalytic efficiency of the cellulosome.
In a previous study, Nakar et al. (23) used a gene-swapping approach to identify a three-residue substitution in the C. cellulolyticum type I cohesin that conferred recognition of C. thermocellum dockerins with an affinity that was only 5-fold lower than C. thermocellum cohesins. This suggests that in type I cohesins only a small number of residues modulate dockerin specificity. Despite low sequence similarity with type I cohesins from C. thermocellum and C. cellulolyticum (Ͻ39% identity), previously determined three-dimensional structures of their cohesin-dockerin complexes are remarkably similar. The dockerin-binding sites of these cohesins consist essentially of a planar surface comprising ␤-strands 8, 3, 5, and 6 (4, 20) . Given the near-identical fold displayed by type I cohesins, it is likely that the location of the ligand-binding site in BcCohI is also conserved. By overlaying the structure of B. cellulosolvens type I cohesin with the type I cohesin-dockerin complexes of C. thermocellum (Fig. 5) and C. cellulolyticum (data not shown), the major difference in the overall fold comprises the longer length of ␤-strand 8 in BcCohI. However, the position of this strand is identical to the other type I modules and different from that of type II cohesins where ␤-strand 8 is tilted toward the other strands in the dockerin-contacting sheet, thus promoting a larger contribution of this strand to dockerin recognition. In addition, the loop connecting ␤-strands 7 and 8 is longer in BcCohI but is diverted away from the putative dockerin-binding site.
The internal symmetry of the dockerins, coupled with several mutagenesis studies (15, 16) , revealed that C. thermocellum and C. cellulolyticum type I dockerins contain two equivalent cohesin-binding sites, which have been maintained during evolution. In C. thermocellum, two virtually identical cohesin-bind- functional implications of this property are explored below). However, as in the dockerins from different species, the nature of the cohesin recognition amino acid pairs is essentially different (Ser-Asp in B. cellulosolvens instead of Ser-Thr in C. thermocellum). Indeed, the structure of the C. thermocellum type I cohesin-dockerin complexes overlaid with BcCohI suggests significant differences that may preclude inter-species interactions. Detailed analysis of this overlay revealed that replacement of residue Thr-12/46 of the C. thermocellum dockerin by an Asp-12/46 (as observed in B. cellulosolvens dockerins) would likely clash with Glu-131 of the C. thermocellum type I cohesin. Furthermore, residues that occupy positions 11 and 12 of the C. cellulolyticum dockerin helices 1 and 3 are also highly conserved Ala and Leu/Phe, respectively. The dockerin Leu/Phe make several hydrophobic interactions with the C. cellulolyticum cohesin, most notably with the C-␤ of Ala-129, with the aliphatic region of the Lys-137 side chain and the ␣-carbon of Gly-131. In BcCohI, the equivalent residues to Ala-129 and Gly-131 are serines, and thus the hydrophobic nature of the interaction is critically affected. Although other residues may modulate the specificity of type I cohesin-dockerin pairs, the above-mentioned observations may explain why there is a consistent lack of cross-reactivity between B. cellulosolvens, C. thermocellum, and C. cellulolyticum type I cohesin-dockerin complexes.
Structural Model for the Type I Cohesin-Dockerin Interaction of B. cellulosolvens-Because we were unable to obtain a crystal structure for the B. cellulosolvens cohesin in complex with BcDocA, we instead used computational modeling to predict bound structures. As described above, dockerin structures have a pseudo 2-fold symmetry axis, and the type I cohesins could associate with their cognate dockerins through two conformations that are related by 180°rotation (4, 15, 16, 18) . We therefore modeled the B. cellulosolvens cohesin-dockerin pair in both putative binding modes (Fig. 6) . The buried surface area upon binding in the two models (one for each mode) is ϳ1,100 Å 2 , which is lower than the average for experimental structures of cohesin-dockerin interactions (1,659 Ϯ 119 (39) . Top panel shows the dockerin in rainbow hues (blue to red) from the N to C terminus, respectively. The cohesin structure is colored lavender. In the bottom panels, the interface is magnified, and the major interacting residues are shown.
Å
2 ); the relatively small, buried surface area in the model potentially reflects inaccuracies in modeling. Notwithstanding this uncertainty, the binding modes of natural cohesindockerin interactions are highly conserved (2, 6), thus providing confidence in the modeled binding modes. Both models present an intricate hydrogen-bonding network involving cohesin residues Asn-34, Asn-35, Asp-37, Ser-120, and Ser-122 and either Ser-11 and Asp-12 or Ser-45 and Asp-46 on the dockerin. Similar to C. thermocellum type I cohesins, Asn-35 and Asp-37 create an optimal environment to accommodate the hydroxyl side chain of the Ser residue located at position 11 or 45 of the B. cellulosolvens dockerin. In addition, Asn-35, Ser-120, and Ser-122 coordinate the recognition of the acidic side chain of Asp located at the critical position 12 or 46 of the dockerin, which is one the most important modulators of B. cellulosolvens dockerin specificity. The high similarity between the hydrogen bond networks in the two models is a consequence of the pseudo 2-fold symmetry of the dockerin and the conservation of Asp at positions 12 and 46 and Ser at positions 11 and 45. Inspection of the primary sequence of the 10 B. cellulosolvens type I cohesin modules present in ScaB reveals that Asn-35 and Ser-122 are invariant in the 10 ScaB cohesins (data not shown). In addition, Asp-37 and Ser-120 are conserved in the majority of the proteins and when substituted are usually replaced with amino acids with similar biochemical properties. These observations suggest that the specificity of B. cellulosolvens type I ScaB cohesins for ScaA dockerin is invariable.
B. cellulosolvens Dockerins Present Two Functionally Similar Cohesin-binding Faces-
The biological significance of the dualbinding mode displayed by C. cellulolyticum and C. thermocellum dockerins is an intriguing question, although it has been speculated that it might confer the required flexibility for cellulosome assembly. In contrast, clostridial type II dockerins only present a single cohesin-binding surface. This suggests that cellulosome assembly (type I interactions) requires cohesin-dockerin flexibility, although cell-surface attachment and poly-cellulosome formation (type II interactions) may be sustained by a single-binding mode. The observation that in B. cellulosolvens the cohesin-dockerin interactions are reversed in comparison with other cellulosomes offers the possibility of evaluating whether flexibility of a type I interaction is involved in cell-surface attachment.
Inspection of the primary sequence of the ScaA dockerin reveals a highly symmetrical protein (Table 3) . Alignment of its two duplicated segments reveals complete conservation of the putative residues that participate in cohesin recognition, thus strongly suggesting that this dockerin contains two cohesinbinding interfaces presenting identical ligand specificities (Table 3 ). These observations were further supported by the modeling studies (Fig. 6) , which indicated extensive involvement of the Ser-11/45 and Asp-12/46 residues in the respective binding modes. To probe this experimentally, the relevant SerAsp pairs of the two duplicated segments in the dockerin (DocScaA) of the primary scaffolding ScaA were mutated to an Ala pair, individually or in combination ( Ϫ1 could be assigned. In contrast, the quadruple mutant, dockerin DocS23A/D24A/S60A/D61A, in which all four residues of the two cohesin-binding faces were mutated to alanine, displays an affinity that is below the detection limit of the technique (Fig. 7) .
Collectively, these observations suggest that abrogation of cohesin recognition requires the mutation of the two putative cohesin-binding faces of the ScaA dockerin. The inactivation of only one of the faces does not affect the capacity of the dockerin to interact with its cognate protein module, because the alternative face is available for binding. Therefore, the data confirmed the hypothesis that the type I dockerin from ScaA displays a dual-binding mode against B. cellulosolvens type I cohesins. So far, the dual-binding mode was shown to be an important property of type I dockerins that are part of cellulosomal enzymes, suggesting that it may increase the internal flexibility of a high molecular mass multienzyme complex. These data suggest that the dual-binding mode is not restricted to enzyme-borne dockerins and support an important role for flexibility of cellulosome anchoring onto the cell surface in B. cellulosolvens.
Crystallization and structure determination of isolated cohesin modules are relatively straightforward, compared with crystallization of dockerins, both alone or in complex with their cohesin counterpart. Such was the case with BcCohI. Although ultimate proof for dual recognition in cohesin/ dockerin pairs requires experimentally determined molecular structures, combined sequence analysis and all-atom structural modeling can generate hypotheses for experimen- FIGURE 7. Binding of ScaA dockerin and its mutant derivatives to BcCohI evaluated by isothermal titration calorimetry. ScaA dockerin is highly symmetric and potentially contains two identical cohesin-binding surfaces. The key residues that participate in cohesin recognition at each cohesin-binding surface were changed to alanine. ScaA dockerins DocS23A/D24A and DocS60A/D61A only have one functional binding face, whereas in the quadruple mutant, DocS23A/D24A/S60A/D61A, the two cohesin-binding faces were inactivated. The upper part of each panel shows the raw heats of binding, and the lower parts comprise the integrated heats after correction for heat dilution. The curve represents the best fit to a single-site binding model. BcCohI-DocScaA; B, BcCohIDocS23A/D24A; C, BcCohI-Doc/S60A/D61A; and D, BcCohI-DocS23A/D24A/S60A/D61A. tal testing. The mutation and binding studies based on these hypotheses support the role of conserved residues on cohesin and dockerin pairs in mediating a dual-binding mode of interaction in BcCohI.
